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Knutsford redevelopment is an upcoming project that is part of Fremantle’s Local Government 
Agenda to promote sustainable living with density wise savings present across the site. This 
development follows on from Development WA’s previous works on White Gum Valley and 
East Village. The purpose of this thesis is to address key issues that are present on-site such as 
soil and groundwater contamination, as well as develop a ‘Water Balance Model’ to show all 
the sources and reuse of water that can occur on-site.  
 
At Knutsford, the contamination in the soil is at a depth of 10 meters with Total Petroleum 
Hydrocarbons (TPH), heavy metals like copper and lead along with Perfluoro octane sulfonate 
(PFOS) which cannot be naturally removed. Various treatment options were researched in the 
project ranging from mechanical, thermal, and chemical. All the options were analysed and 
carefully looked into detail by utilizing the sustainability tools to ensure that the treatment 
option that was chosen would be beneficial and not cause harm to the users and the 
environment. The option that was most efficient in removing the contaminants does not disrupt 
future practices on-site, as well as not polluting the environment was the thermal desorption 
technique. This technique involves the contaminated soil to be treated in a heated chamber with 
temperatures ranging from 400-900ºC to volatise all the contaminants to its gas form. It is then 
collected and cooled in a gas chamber, where the contaminants can be collected in solid form, 
and it can then be safely disposed of offsite into a controlled landfill. The process cost between 
$50 – 100 million depending on the depth of excavation, the distance required for the soil to 
be sent to, and the transport of the treated soil back to refill the site. EnviroPacific is a local 
company that provides this service and has successfully removed and treated such 
contaminants at a larger scale in Australia than the site at Knutsford. Though the cost is high, 
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there are many benefits to using this technique compared to others as it does not hinder the 
infiltration of the water into the ground like soil capping or require a large quantity of water 
that is not available on-site like soil washing. 
 
The groundwater contamination has high levels of hydrocarbons and PFOS that cannot all be 
treated by a single treatment process through biological but can be completely removed from 
the system if chemical and filtration techniques are used. The main options that were explored 
were the use of constructed wetlands and the combination of coagulation, flocculation with 
membrane filtration. Though the constructed wetland sounds like a good treatment option, it 
only removes part of the contaminants from the water while the PFOS will still be present in 
the effluent. An additional treatment option would need to be implemented on-site like 
membrane filtration to remove the PFOS from the water. The suitable option would be to use 
a coagulation and flocculation technique using alum dosing to form flocs with the 
contaminants, settle them in a settling tank like a sand filter or a clarifier and then run the 
effluent through a membrane filter to remove any additional contamination that might be 
present. Oleology provides this treatment method at $300,000 that can fit in a 20-foot sea 
container and does not require constant maintenance, which would make it suitable for the site 
to treat the groundwater. 
 
The Water Balance Model is developed to identify all the sources of water that are present on 
the site and to see how we can maximize the use of these natural resources while trying to 
reduce our scheme water requirements. At Knutsford, there are many sources of water like 
rainwater, stormwater, greywater, blackwater, groundwater, and scheme water. Some of these 
sources are naturally occurring or present on-site, while others are generated through treatment 
processes or produced through human consumption. A model was developed that followed the 
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approved Local Structure Plan to develop 306 – 470 dwellings on-site within 5.7 hectares. 
Taking into consideration the average rainfall, absorption as well as the human water 
consumption, a balance was developed that showed all the water that is produced and can be 
reused on-site. From there, Sustainability Assessment was conducted using Sustainable Water 
industry Asset Resource Decision (SWARD) to determine whether the water can be used on-
site if so, at what scale can it be used like a lot scale, precinct scale, or community scale. 
Through this process, it was found that for lot scale houses to include a rainwater tank and a 
greywater treatment system while small grouped dwellings or apartments to have a common 
rainwater collection system and greywater treatment system. All the blackwater that is 
produced on-site would be sewer mined and treated in a Multi Water Reuse System where the 
water that is treated can be used for irrigation in public open spaces. The installations of these 
water harvesting, and reuse techniques can potentially reduce the scheme water consumption 
by 84 – 93% depending on the number of dwellings. The cost of installing the system in the 
single dwellings, as well as the grouped dwellings, can range from $6 -12 million, which 
includes purchasing the system as well as installation and plumbing charges. 
 
Once the land has been remediated, and the dwellings are built, the site at Knutsford could 
demonstrate sustainable living by managing all the water sources on-site and reducing the 





Knutsford redevelopment is part of the Local Government’s agenda to incorporate sustainable 
living into the residential sector at affordable prices. This development follows on from the 
newly established White Gum Valley (WGV) and currently constructing East Village. Both of 
the sites have newly developed technology to demonstrates sustainable living in a density wise 
design. East Village is being developed to show similar results with more sustainable and 
saving initiatives such as the use of solar energy, rainwater harvesting on a lot scale, and a 
community battery to provide for the residents. Knutsford is stage 4 of the development plan 
that is occurring in Fremantle. This site will follow along the footsteps of previous 
establishments with improvements to show better results. In order to achieve this, the site needs 
to meet specific criteria that allow the usage of the natural resources, and if those are not met, 
the savings initiatives will need to be reconsidered to the basic options that are used by the 
homes around Perth.  
 
Perth is one of the top cities per capita that has the highest usage and consumption of water in 
Australia with 123000 L/person (Water Corporation 2019). The Water Corporation is currently 
working on ways to reduce water usage by 15% before 2030 in order to ensure we have a 
healthy supply of water for future generations. The Water Balance Model that will be 
developed for the site at Knutsford needs to show and demonstrate that the reduction in 
consumption can occur not just in a household scale but a community-wide scale in Perth and 
that it is readily achievable when specific steps are taken into consideration.  
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Knutsford Site 
The site that we are focusing on is encompassed by Swanbourne Street to Amherst Street and 
contains 8.9 hectares of land (Barnett T 2015). This site is encompassed by many streets such 
as Knutsford, Amherst, and Swanbourne and Stevens reserve as its boundaries. Within the land, 
there are multiple factors such as height variation on site due to the above-ground storage tanks 
from previous use as well as contaminations that have been leeched from the historical use of 
the site. The land is in an incline with stable structures at the highest point with sandy soils at 
the land towards Amherst Street. The soil composition is mainly Tamara limestone as it is 
located in the Spearwood Dunes area, and it has a 7-meter steep wall that is present as the result 
of the storage tanks, and there will need to be careful planning to overcome this issue. Detailed 
information about the elevation levels is provided in the table below. The flow of the 
groundwater on the site is in the North Westerly direction, and there are non-monitored 
extraction bores all over the surrounding sites (Barnett L 2010). The site is under the Swan-
Avon area on the groundwater map and has a water flow in the ground of north-westerly 
direction towards the Indian Ocean, which is the largest body of water close to the site. 
According to the Local Structure Plan developed in 2015, the plan for the site includes plans 
to build residential and mixed-use buildings to promote more engaged community-style living. 
There are plans to develop between 306 to 470 dwellings in the area according to the density 
saving options to around 800 – 1200 people living in the new developments. The site is located 
1 kilometer away from the Fremantle City Centre and has easy access to public transportation 
and places of interest by the public, such as parks and recreational areas. It is also within 2 
kilometers from the Indian Ocean, Fremantle Harbour, and the Swan River, which are an 




Table 1: Site Elevation and Depth Levels (DWER 2019) 
Location Water Table 
(m below 
ground) 
Depth of Water 
(m) 











18.8 31 49.8 500 - 1000 
The site contains multiple plots of land that are owned by different authorities. There are 19 
lots present on-site at Knutsford (Figure 1), which has multiple ownership of Western 
Australian Land Authority (DevelopmentWA, previously known as Landcorp) and Public 
Education Endowment Trust (PEET). The detailed allocation of the lots and its ownership can 




Figure 1: Lots at Knutsford and its Ownership (Barnet B.T., 2015) 
 
Issues 
The main area of concern that needs to be addressed before the Water Balance Model is 
developed is the contamination on the site. There are many contaminations on-site through its 
historical land use, such as: 
• Various types of hydrocarbons that have been present due to the previous use of the 
land where there was a British Petroleum Company (BP) storage facility. This was 
caused by leeching from the four above-ground storage tanks that were located at the 
centre of the site. The contamination of hydrocarbons is present in both the soil and 
groundwater on parts of the site. 
• Perfluoro octane sulfonate (PFOS) is a substance that is used in the making of 
firefighting liquid. This is a hazardous material for living organisms. It is prone to 
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accumulation (USA EPA 2017). This substance is present on the land as part of the site 
was used as a training ground for the firefighters to practice. This has leeched these 
materials into the ground. 
• Various metals on-site such as lead, copper, and zinc, have been present in the soil. 
 
Current management 
The land is still currently managed by DevelopmentWA, and there is no current management 
plan as to how to tackle the problems on-site. According to the Department of Water and 
Environmental Regulations (DWER), the part of the lots has been marked as Contaminated – 
Restricted Use while the others are labelled Contaminated - Remediation Required. There were 
multiple attempts at remediation on the land to remove the contaminants from the groundwater 
and soil, but most were futile. The soil on site was excavated and dumped off-site with clean 
imported fill to replace the soil. There was groundwater remediation attempted on-site over the 
years, and it was found that the hydrocarbons that were present have since been stabilized in 
2009 until the land classification that occurred in 2015. There are no details that can be found 
from the Contaminated Site Classification or from the City of Fremantle to know about the 
treatment methods and the final quantifying data of the contaminants. 
There have been plans made as to how to construct on the land in accordance with the Local 
Structure Plan from the Government as one of the Sustainability examples presented through 
previous establishments such as White Gum Valley. This will be an example of how Fremantle 





Groundwater is one of the natural resources that is found under the ground in the water table 
that is encompassed by rocks and sand, depending on the geology of the area. The water that 
is present underground is usually from the infiltrated water that is from the stormwater runoff 
and rain that has passed through the soak wells and infiltration galleries that recharges the 
superficial aquifer (Australia. Department of Environment 2004). The water is infiltrated and 
absorbed into the ground through the porous media like rock and is stored there until its 
extracted through the bores and wells by us for our use. The wetlands around the world are 
usually formed when the water table of the area is higher than the other surrounding areas 
(Australia. Department of Environment 2004). The groundwater in Perth usually moves in the 
westerly direction towards the Indian ocean as that is where the mass body of water is present, 
as is the case for Knutsford (Barnett L 2011). 
 
The groundwater on site has been contaminated with Total Petroleum Hydrocarbons (TPH), as 
seen in the Figure 2. The hydrocarbons onsite are present due to the historical use of the land 
as a BP storage site through the 4 Above Ground Storage Tanks (AST) and leeching of these 













C6 – C9 <25 41 100 
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C10 – C14 <50 4430 500 
C15 – C28 <100 9770 1000 
C29 – C36 <100 990 - 
C10 – C36 - 14319 - 
Figure 2: Contamination of TPH (Barnett L 2011) 
 
The primary method of choice that is used on this property would have been to extract the 
groundwater to treat the hydrocarbons as it is the most economically viable and easy to execute. 
However, after researching into the property, it was found that the extraction of groundwater 
was prohibited on the part of the site, and the closest body of water that we can extract from 
was, in fact, the empty plot towards the east of the site. DWER has classified 1/3 of the site as 
Contaminated - Restricted Use (green) while the rest of the site has been classified as 
Contaminated – Remediation Required highlighted in red in the figure below. 
 
Figure 3: Department of Water and Environmental Regulations Site Classification 
Due to the classification of the site as being contaminated, it is prohibited to extract 




Figure 4: DWER Groundwater Restriction (DWER 2019) 
Therefore, the use of groundwater for the dwellings would be one of the last options that will 
be considered as it requires multiple approvals and permissions in order for us to access and 




The soil on site is contaminated with heavy metals such as lead, copper and zinc through the 
historical use of land and also from the infiltration of runoff water over time.  
 
Metal 







Copper 600 1200 100 
Lead 1000 2000 600 
Zinc 600 1200 200 
Table 2: Heavy Metals Contamination (Barnett L 2011) 
The metals, when measured, were calculated at levels exceeding above the Australian limits 
that are imposed by the Ecological Investigation Levels (EIL) (DoEC 2010). The last known 
value was from 2010, which was nearly ten years ago. Therefore, the current contamination 
value is expected to be doubled to ensure that we have accounted for the build-up that happened 
over time. The source of this contamination is primarily from the historical use of the land and 
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from runoff that carries these pollutants that are discharged from chemical processes or from 
humanmade products (He et al. 2015). 
 
PFOS and PFOA 
This is a humanmade substance that is created from per and poly-fluoroalkyl substances that 
are commonly found in non-stick appliances, specialty household products, as well as 
firefighting liquid around Australia (NSW Government, Health 2019). These chemicals are 
organic compounds that are fully fluorinated that have a strong bond formed between the 
hydrogen and the fluorine that makes it hard for it to be broken down in the environment by 
the natural processes as seen in Figure 4 (Medina 2019) (NSW Government, Health 2019). 
They are made from two subgroups they are the perfluoroalkyl substances, which are all 
hydrogen and carbons, except the carbons in functional groups have been replaced with 
fluorine (USA. EPA 2017). The other group is the polyfluoroalkyl substances where the 
hydrogens, but not all of them on the carbon atoms are replaced with the fluorine (USA. EPA 
2017). They have the unique capability to repel oil and water, thus making them a good surface 
protector and put out liquid hydrogen fires.  
 
Figure 5: Molecular Structure of PFOS and PFOA 
The figure below shows the guidelines from the Australian Drinking Water Guidelines that 




Figure 6: Drinking Water Guidelines for PFOS (USA. EPA 2017) 
The leading cause of this contamination on site is due to the previous use of the land. This land, 
according to the site survey, showed that the area was used as a training ground for the 
firefighters where they dispensed this liquid onto the ground before the studies were made into 
the effects of the PFOS (Barnett L 2011). The dispensed fluid is the aqueous film-forming foam 
(AFFF), that is used to extinguish liquid hydrocarbon fires (USA. EPA 2017). As these 
chemicals are hard to breakdown in the natural processes, they are persistent and ever-present 
in the environment, making them a potential threat to the surrounding living organisms. The 
methods in current development that are looked into for the treatment of these chemicals are 
the chemical methods and biological processes to eliminate the presence of the contaminants 
(USA. EPA 2017).  
 
The contamination known as PFOS has not been widely spread and known as the effects of 
this contamination on site has only recently been discovered. The most common practice was 
to excavate and dump into landfills, which removes all the contaminants but is not a sustainable 
practice. There has been some research in the removal of this contaminant from water and soil 
through sorption and thermal methods, but not specifically in Australia. The method that is 
used for this type of removal is most appropriate in terms of the site is the use of a thermal 
mechanism that heats the soil to weaken the bonds which deactivate the contaminant. Though 
it is the most applicable, there is no research done to see the damage it can cause to the 
surrounding plants and wildlife as well as the aquatic life in the ocean, which is only kilometers 
away. There have not been any new examinations that have occurred on-site to know whether 
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the contaminations have been decreased on-site as if the contamination concentration has 
decreased. It will not cause an issue in the future when the land is being developed. For the 
purposes of this remediation plan that is being developed, it is assumed that the contamination 
of this substance is found both in the soils and groundwater. 
Water Balance Model 
The development of the water balance model is the most crucial element of this project after 
the clearing of the required contaminants for the residents to use as well as the use of the water 
for general purposes in the Public Open Spaces (POS). There are different types of sources of 
water that we use on an everyday basis in our daily routines. They vary from scheme water that 
is provided by the Water Corporation to our natural resources such as rainwater, recycling 
water from the house, and reusing it where necessary. The different sources that can be found 
in a residential area such as scheme water, rainwater, and groundwater, which are the natural 
sources while greywater, blackwater, and stormwater runoff are all the water that is 
contaminated, or it exits the house usually through the sewer systems. To maximize our use of 
the different sources will help us to decrease our reliance on the scheme water and thus 
reducing our yearly Water Corporation bill. The greywater and blackwater can be treated and 
used inside the house for non-potable uses or outside as a source for watering the gardens. At 
Knutsford, there are various contaminations on-site that prevent us from fully using all the 
natural resources such as groundwater. The main reason for this could be that the bores are all 
allocated and are currently being overdrawn, which causes a decrease in the level of water that 
is present in the aquifers. The other sources of water that could be a prospect at the site would 
be the use of rainwater and stormwater as well as recycled water for POS use only. There are 
limitations that are set by the Government in terms of reusing wastewater from households and 
the time frame in which recycled water can be used. Therefore, the best option would need to 




When conducting a project, it needs to be governed by some rules and regulations according 
to a rating scheme to ensure that the product that is being built or delivered is achieving goals 
and will not disrupt current practices and conditions. There are many sustainability rating tools 
that can be used on the site at Knutsford in terms of the building water uses or the treatment 
options that are used on the contaminated site. Some of the rating tools that are commonly used 
in Australia are the Sustainable Water industry Asset Resource Decision (SWARD), 
Sustainability Tools for Addressing and Rating Communities (STAR), National Australian 
Built Environment Rating System (NABERS), Building Sustainability Index (BASIX), 
WELLs standard and One Planet Living. (The Green List 2018) 
 
These standards each govern an area of development that needs to be taken into account while 
the project is still in its beginning stages and the process of the development and handover. 
They also include community involvement with the new building or product, as well as how it 
impacts their daily lives.  
 
SWARD was developed in the United Kingdom to incorporate environmental, economic, and 
social issues associated with the formation of the policies and actions (Ashley et al. 2003). The 
framework that this system follows involves three main areas, which are the activity, results, 
and output. This involves the assessment of the criteria, generating data, and completing a life 
cycle analysis with keeping in mind key focus points such as social, environmental, economic, 
and technical. The detailed process that needs to be taken for the whole SWARD process is 




Figure 7: SWARD Framework (Ashley et al. 2003) 
NABERS is an Australian building performance rating system that measures the number of 
emissions that are produced by the building in terms of the electricity, water, and waste and 
then comparing it to a larger scale building. It follows seven fundamental principles that are 
measuring actual impact, relevancy to building operations, meaningful ratings, simple and easy 
to perform, reliable, trustworthy, and collaborative development. (NABERS 2014) 
The use of this rating scheme in the individual dwellings would assist with the proper 
development, construction, and hand over of the dwellings to the home buyers and equip them 
with the proper tools on how to maintain their future homes. The figure below shows the seven 
key areas of focus by using the NABERS scheme. (NABERS 2014) 
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Figure 8: NABERS Rating Scheme - Key Principles (NABERS 2014) 
STAR Rating scheme is a framework program that helps to assess the community on its 
sustainability encompassing economic, environmental, and social. It was developed by and for 
the local government to assess and create more liveable communities for all through healthy, 
inclusive, and prosperous living. The framework was built around the sustainability goals, its 
objectives, and evaluation measures whereby it has eight goals and objectives with particular 
topics associated with the objective that needs to be achieved. The figure below shows a 




Figure 9: STAR Rating System (STAR Communities 2016) 
BASIX is an assessment tool that is designed by the New South Wales (NSW) government in 
2014 to provide equity, water, and greenhouse gas reductions in dwellings across the state. It 
is a rating process that will rate your development compared to other buildings of similar 
structures and features to see how well your building will rate compared to an already existing 
structure. It checks the buildings to ensure that they are following the targets that are set by the 
NSW government, like a 40% reduction in potable water consumption and a 50% reduction in 
greenhouse gas emissions. (BASIX 2019) 
 
WELL building standard is a tool that is used primarily for the assessment of the health and 
wellbeing of the final consumers and users. Its primary focus is around the quality of air, water, 
and the environment, such a slight and natural heating. (The Green List 2018) The other tool 
that is widely used in Australia is the One Planet Living, where the focus is on the consumers 
and end-users as well as the environment and wilderness. Its emphasis is on the planet and 
sharing resources while living and maintaining a healthy lifestyle. (Bioregional 2019) The 
framework contains ten goals and principles that cover all aspects of the environment, social 
and economic issues. The list of all ten goals is shown in the figure below. 
 
Figure 10: One Planet Living Framework (Bioregional 2019) 
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Throughout the completion of the project, with the different aspects such as contamination 
removal and the preparation of a water balance model, some of the sustainability tools will be 
used to assess the viability of the process and option. The sustainability tool will change 
according to the needs of the project as the water balance model will use different criteria than 




There are many options that can be used to remove contaminants, but only some can actually 
be applicable on-site due to the strength of the contaminants or the constraints that are placed 
on the site. In the case of the site at Knutsford, there are constraints on the land, such as the 
height variable in the middle of the site as well the limitations based on the retrieval or access 
to the contaminated site such as access to groundwater. The options vary from chemical 
treatment methods to the use of biological treatments that can be implemented on-site to 
remove the contamination that is present there.  
Some of the methods that can be used on the site to remove the contaminations depend on the 
contaminant itself as well as the concentration and the economic viability. These options vary 
with each contaminant that needs to be removed, and they will be explained more in detail in 
the treatment options section. 
 
Water Balance Model 
In order to make sense of how the water is used and moved throughout the site, a Water Balance 
Model will need to be made, which outlines all the potential uses on-site and how the water 
will be managed. The water balance model should outline all the sources of water and the sinks 
in which they will exit the site as well. The model will also take into account the naturally 
occurring events such as annual rainfall each month and the demand that is needed for the 
people that will be on site. The model will be developed on excel, where it outlines the 
assumptions that were made as well as density and population calculation with the appropriate 
demand. When the numbers are calculated and processed throughout the excel sheet, then a 
graph can be produced, which explains the production of water compared to the demand for 
water and its uses. This model will then help us to determine how much water from each source 
needs to be used to maximize the usage potential while minimizing the scheme water usage. 
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There are some restrictions that are in place that has been introduced by the government in 
terms of water use and where they are sourced. There are limitations that are placed in the 
allocations of the bores to allow the extraction of water to be spread across multiple clients 
across the council. This also prevents the over-extraction of the bores that prevents the 
depletion of the water table in the aquifers. The depletion levels in the aquifers can cause many 
problems such as salinity in water from the saltwater getting into the aquifer as well as the 
depletion of the natives and trees on the surface due to the distance; they need to grow the roots 
to access the water.  
Other restrictions that are imposed by the government are in regard to the use of recycled water 
for potable and non-potable uses in the residential areas. Perth currently does not have many 
residential sites that are known to have its wastewater recycled and used for potable uses inside 
the house; however, there are sites where the greywater has been recycled and used for indoor 
and outdoor purposes.  
 27 
Treatment options for contamination 
Since the contaminations that are found on site varies from the groundwater and the soil, 
different techniques would need to be used to clear the site of its contamination for future uses. 
The options that can be used to treat the contaminants are explored in the section below that 
range from chemical, thermal, biological and mechanical. 
 
Thermal Desorption 
Thermal desorption is a process where the contaminants are thermally separated in a heated 
chamber to vaporize and separated from the soils. It consists of multiple steps beginning with 
the excavation of the contaminated soil and transporting it to the treatment location. Then the 
excavated soil is put through a thermal chamber where the soil is heated up to 900ºC. The 
thermal process converts the solid contaminants into a vaporized form, which is then sent into 
a gas treatment system where the volatile gases are separated. Inside the gas chamber, the 
volatile gases are condensed in a cooling chamber, and the treated soil is then transported back 
to the excavation site for a refill of the soil back to the ground. The remaining contaminated 
solids that are removed from the gas chamber are taken into landfills and disposed of safely 
(Linden et al. 2013). The contaminants that are found on-site, especially hydrocarbons, metals, 
and PFOS, can use thermal desorption as a technique to remove them from contaminated soil. 
The hydrocarbons and heavy metals have a lower melting point at around 400ºC, but the PFOS 
has a higher melting point of around 900ºC as its bonds are stronger and harder to break (Wuana 
et al. 2011). The flow diagram of a thermal desorption process is shown below. 
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Figure 11: Thermal Desorption Process (Wuana et al. 2011) 
There is a company in Perth, EnviroPacific, that offers the thermal Desorption Technique to 
remove all the contaminations that are present in the soil, but the cost of treatment is very high. 
According to their Project Manager, the cost for our site to excavate and treat the soil, then 
refill back into the site, would cost between $50 – 100 million projects. (pers comm Eugene 
Lim, 25 November 2019) Though the cost of this treatment method is high, it is one of the most 
viable options on-site to treat the contamination and fully reuse the soil for future endeavours 
such as infiltration basins and drains. 
 
Reverse Osmosis 
Reverse osmosis is a process where the opposite of osmosis occurs. Osmosis occurs when a 
liquid of low concentration moves to the high concentration area without the addition of energy 
as it does not need to overcome any barriers. Reverse osmosis on the hand involves the addition 
of pressure to overcome the osmotic pressure through the semi-permeable membrane that is 
present in the solution as it needs to move water from high concentration solution to the lower 
concentration solution area (USA. CDC 2014). This process is widely used in the desalination 
industry to purify saltwater into drinking water around the world. This method, combined with 
the nanofiltration technology, can effectively remove the PFOA from the sample as well as the 
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heavy metals such as lead and copper (USA. CDC 2015). The whole process involves the 
sample going through the prefiltration unit, then to the membrane filters where the water is 
pushed through the semi-permeable membrane with the use of a pressure pump and then exits 
the system (Freeman et al. 2009). An example of the filtration process is shown in Figure 12. 
The membranes that are present in the system can be Nano filters that can remove 
microorganisms and contaminants from the feed water through the web and mesh-like interior 
wound structure (Freeman et al. 2009). The water that exits the system might need to be dosed 
depending on its intended final use, such as chlorination and Ultra Violet (UV) treatment for 
drinking water purposes. 
 
Figure 12: Simple Diagram of the Filtration Process (ESP Water Products 2019) 
The removal of PFOA and PFOS is possible through the use of RO membranes, but the 
presence of hydrocarbons in the water would cause this system not to operate correctly if there 
is not enough adequate pre-treatment and removal of the hydrocarbons. This could cause the 
system to foul and would increase the cost of operation and maintenance of the system. 
Therefore, this option would not be viable as a stand-alone system as it requires multiple levels 
of treatment before the contaminants can all be removed. 
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Coagulation and Flocculation with Filtration 
Coagulation, along with flocculation, is a common approach that is used in the removal of 
contaminants in the water. It has been used in many treatment processes in Australia for treating 
wastewater. This process involves two separate processes one coagulation, where the addition 
of a coagulant causes the contaminants to be adsorbed and form flocs in the system.  The 
flocculation process involves the flocs that are present to join together to form more significant 
solids that can then be easily removed from the system. The most common method of removing 
flocs from the system involves sedimentation of the solids in settling tanks or clarifiers and 
filtration through membranes or sand. (Muller et al. 2018) 
For the contamination on our site, the addition of alum or ferric salts would give the best results 
in the removal of PFOS and hydrocarbons from the system. The alum and ferric salts will assist 
in the formation of the flocs through adsorption, and then it can be separated from the water 
through filtration techniques. New chemicals that can be added to help with the formation of 
the flocs can be activated carbon and biochar in a tank with a constant supply of air bubbled 
through. They are solids that have many pores and large surface area that helps the 
contaminants to bind to the compound and the air bubbles help with the mixing of the 
adsorbents to promote contact time. They can then be backwashed, and the contaminants 
settled in a clarifier and removed.  
Oleology, a company in Perth, has a system in place that utilizes this technique with MyCelx 
membranes to remove such contaminants. This system consists of a settling tank, a sand filter, 
and multiple membranes to remove all the contaminants efficiently from the feed water. This 
system also contains two tanks and a 20 ft sea container that houses the treatment unit, and it 
has a total cost of $250000 (pers comm Chris Roberts, 21 November 2019). MyCelx is a recent 
development in the membrane filtration technique that has a composition that allows 
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contaminants to become hydrophobic upon contact, which allows the particles to bond and 
form a thick layer that can then be easily removed through filtration (Oleology 2019). 
 
Constructed Wetland 
The constructed wetland method is incorporating the natural vegetation, soil composition, and 
microbial organisms that are present to eliminate the pollutants and contamination of the 
sample (Vymazal 2007). The various types of constructed wetlands are shown in the figure 
below. The various types vary from their direction of flow, the allocation of the roots in the 
soil to the location of the plants, all of which plays a massive role in the removal of the 
pollutants. 
 
Figure 13: Types of Constructed Wetlands (Vymazal 2007) 
The wetlands are very efficient in the removal of the hydrocarbons when they were operated 
with batch flows and showed 97% removal in the first year of operation with no visible signs 
of deuteriation of the plants (Eke 2011).  
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A constructed wetland can also be used to remove the hydrocarbons and metals present in the 
water through the proper management of the vegetation and soil conditions as most Public 
Open Spaced Wetlands are often neglected and not managed according to the required 
standards (Khan et al. 2009). 
 
Since the groundwater is contaminated with hydrocarbons and PFOS, which the plants cannot 
remove by the use of a constructed wetland, it would not be beneficial on-site. Even if the 
wetland was to build on-site, there is a limitation on land availability as there needs to be a 
minimum of 306 dwellings to 470 dwellings built on-site. The wetland would need a minimum 
land area of 2 hectares to allow a steady flow of water into the treatment zone and enough 
retention time to remove the contaminants adequately. Since PFOS would not be removed by 
the plants in the wetland, a new mechanical process would need to be placed on-site that would 
allow the removal of the PFOS. This would not be an economical option as it involves two 
treatment techniques with different techniques and purposes within a limited space to produce 
the same result a single treatment would produce. 
 
Capping 
Capping is a common technique that is used on contaminated sites as it effectively contains the 
contaminants and prevents further leaching into the soil and groundwater. It is either a single 
layer of protective material placed in the underlying layer of contaminants or its multilayered 
to manage further leaching from runoff. The materials used for capping varies from biological 
to geological, and each has its own capacity and purpose of use. The various layers include 
asphalt or concrete, vegetative, drainage, clay, or geomembrane. The site at Knutsford that is 
owned by PEET already had some remediation done to the soil by an excavation of the 
contaminated soil till the depth of 6m and refilled with clean soil (DWER 2019). The exact 
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method of treatment is unknown, as there is no information provided to the council that can be 
publicly accessed. The site where the remediation works have been undertaken is towards the 
east part of the site, which is the lowest point onsite. The capping of the site now allows no 
infiltration of the stormwater into the ground as there is a protective layer, either concrete or 
geomembrane, that prevents the flow of water into the ground. A diagram of a capping system 
and how it works on a contaminated site is shown in the figure below. 
 
Figure 14: Soil Capping (USEPA 2012) 
Soil capping though it is very efficient in keeping the leaching of the contaminants further into 
the soil and groundwater. It prevents the infiltration of the water onsite into the groundwater 
table. This would disrupt the water balance model and the rate of infiltration into the ground 
and make the site reliant on the stormwater drains provided by the council. This could 
potentially cause overloading of pollutants and nutrients in the bodies of water where the 
stormwater is discharged into like the lakes and Swan River. 
 
Soil Washing 
Soil washing is an ex-situ process where the contaminated soil is excavated and treated off-
site. The process often involves the addition of a chemical in liquid form, which binds the 
contaminated soil to silt and clay soils with fine surface areas, which in turn can be bound to 
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coarse-grained soils. There are six main steps involved in soil washing: pre-treatment, 
separation, coarse-grained treatment, fine-grained treatment, process water treatment, and 
residual management. (Hubler et al. 2013)  
The flow diagram of a soil washing treatment is shown in the figure below. Soil washing is 
primarily used in the removal of hydrocarbons, heavy metals, pesticides, and other volatile 
substances. This process would require additional thermal treatment process to remove the 
PFOS from the soil. 
 
Figure 15: Flow Diagram of Soil Washing Treatment (Hubler et al. 2013) 
Since the process of soil washing requires access to water, it cannot be completed onsite due 
to the restriction on the use of groundwater by DWER. This process will need to be conducted 
off-site with a continuous supply of water to ensure the process can be entirely undertaken and 
also has the land availability to conduct two treatment processes for complete removal of the 
contaminants from the soil. 
 
Excavation 
Excavation is a treatment process that involves the removal of the soil from the site through 
digging and disposing of it into a landfill site or sometimes treated and refilled back onsite. It 
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is an ex-situ process that often involves the extraction of other materials such as construction 
waste, old tanks, drums, and houses. Before excavation can take place, the contaminated sites 
need to be identified through soil analysis and then use appropriate excavating equipment to 
remove the soil in stages. The soil is then loaded onto a truck and is transported to either landfill 
or a treatment facility depending on the level of contamination. The duration of this process 
will depend on various factors such as the area of the site, the depth of the contamination as 
well as soil composition. The larger the area and depth of the contaminated soil, the longer it 
will take to excavate all the soil from the site. (USEPA 2012) 
The contaminated site at Knutsford is approximately 5 hectares, and the contamination goes to 
a depth of 10 meters, which makes 500000 tonnes of contaminated soil. This is a large amount 
of soil that needs to be removed from the site, which consequently increases the cost associated 
with the transportation and dumping of the soil into landfills. Once all of the soil is excavated 
and dumped into a landfill, fresh new soil would need to be filled onsite that will add additional 
cost to the treatment method. This method of treatment is not sustainable as it is not treating 
the contaminants but rather ignoring them and quickly getting rid of the problem. If by chance, 
the landfill fails to hold the contaminated soil, there could be leaching of these contaminations 
into the groundwater at other parts of the water table. 
 
Sustainability Assessment 
Sustainability assessment helps with addressing certain guidelines and tools that are in place 
to ensure that the product that we are delivering meets the criteria and is not harming the 
environment or the people in the community. Table 3 shows the techno economic assessment 































Capping Stops Further 
Contamination 
Yes Yes 
Excavation Dumping to 
Landfill 
No Yes  
Table 3: Techno-Economic Assessment of Treatment Options 
Detailed analysis of the implementation of the options is shown in Table 4. It uses the 
guidelines that is set by the techno-economic assessment as well as the STAR Communities 
assessment tool to ensure that the treatment option that we install is of no disruption to the 
community and their daily lifestyle. The factors that are chosen as the most important in terms 
of the treatment methods are the Built Environment and Natural Systems -Environmental 


















Yes Some  Yes  Complete 
use 
High  N/A 
Reverse 
Osmosis 
Yes  None  Yes 
 
Partial use Moderate  Some  
Constructed 
Wetland 
Partial    None Some 
 





Yes None  Yes 
 
Partial use  Moderate  Some    
Capping No  Some  None  Partial use Moderate  Some  
Excavation Partial  Major  Some  Complete 
use 
High None  
Table 4: STAR Communities Assessment 
Though the rating scheme and the assessment tools suggest that a certain option will be the 
best, it is always important to choose the option that will provide the most benefit not only to 
the environment but also to the community. From the options that were explored above, the 
most suitable options that will be considered to be implemented on site will be Thermal 
Desorption, Coagulation, Flocculation and Excavation. The cost of these system and treatment 
options are outlined in the table below. They include the cost of the treatment system until the 












EnviroPacific $50 – $100 
million 
- 1 year 
maximum 
$50 - $100 
million 
Excavation 
and   
Dumping 
 Millions - - Millions 
Coagulation, 
flocculation 
and         
Filtration 




Table 5: Cost of the Treatment Options 
From Table 5 you can see that the treatment options each have their own cost price ranging 
from $300000 - $100 million as they all have different needs and capabilities. The expensive 
options involve the treatment of the contaminated soil while the treatment of groundwater is a 
lower cost but requires yearly maintenance and upkeeping. The option that would be best suited 
the site and follow along with the sustainability tools would be the thermal desorption for the 
contaminated soil and the Oleology unit for the groundwater treatment. The total cost for these 
systems to be installed and operated would be between $50.3 – 100.3 million. The thermal 
desorption treatment is a single payment treatment technique and requires no additional 
maintenance and ongoing costs as once the soil is treated there would be no requirements for 
the system. While the groundwater treatment unit would require yearly and quarterly services 
that costs $5000/year to maintain the system to ensure proper results are achieved. The 
installation of these treatment techniques would produce the best results compared to other 
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techniques with benefits to the environment as well as the people who will live in the 
community for the future.  
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Development of a Water Balance Model 
Site Plan 
According to the Local Structure Plan that was developed for the City of Fremantle, the site is 
an improvement from the previous development that are established in Fremantle and aims to 
make the establishment more sustainable and less reliant on the grid. The structure plan is 
striving to achieve Density Wise Saving by maximising the number of dwellings within a given 
area of land. The Western Australia Planning Commission has developed a Residential 
Guideline that ensures that the building follows its intended purpose, density, context of space 
and scheme objectives. This also encourages social and economic opportunities that is 
available to everyone and considers local heritage of the land. These codes apply to all the 
structures that are developed as a single house, grouped dwellings and multiple dwellings as 
well as mixed use developments. Our site at Knutsford has a total area of proposed 
development of 5.69 hectares where there are multiple groups of buildings that are ranging 
from single houses to mixed used buildings. The breakdown of all the different codes with their 
appropriate dwellings that will be developed is shown in figure below taken from the Local 




Figure 16: The Development Plan for Knutsford (Barnett B 2015) 
The minimum number of dwellings that will be built according to the codes above will be 306 
which includes the residential single use and mixed use. Though this is a great demonstration 
of the density wise building, the desired target yield that would demonstrate a greater savings 
will be if the dwellings that are built are 470 within the 5.69 hectares. Each of the houses will 
demonstrate savings not only in its building components but also in its water, electricity and 
waste through sustainable living through various implementations on site. 
 
Sources of Water 
There are many different sources of water that can be used on site be it natural like the rain or 
recycled in the case of greywater and scheme water. These options and how they are 
implemented at Knutsford will be explored in detail below.  
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Scales of the Project 
The uses of the water use could either be in Lot scale, Precinct scale or Community scale 
depending on the intended use and the availability of the land and resources. Lot scale refers 
to the resources and implementations that are done to a single residential dwelling for its 
restricted use only and not to be shared with other dwellings. The precinct scale describes a 
group of dwellings that is within the project area which in our case is the Knutsford site, where 
the resources can be shared within the imposed boundary. This often refers to an apartment 
style building or grouped dwellings. Community scale is when the proposed option is used for 
the whole site area and is shared for common uses and shared purposes. The image depicting 
the scales of this project for the water balance model is shown below. 
 
 
Figure 17: Different Scales used in the Project 
 
Rainwater 
Rainwater is one of the most naturally occurring sources of water available to us on site. Perth 
has rainfall throughout the year though the annual rainfall has been decreasing from the 
previous years. The average rainfall for Perth is 700 mm according to the Bureau of 
Meteorology which was used as the basis of the rainfall calculations for the site. The water that 
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is collected from the rain can be used for many different purposes such as irrigation, toilet 
flushing, laundry, showers and drinking to an extent. The versatility of this pure form of water 
could be a great source of water that can be used on site. There are many forms of rainwater 
tanks and fittings available to ensure that the end use is in the correct quality such as addition 
of UV Disinfection and filtration system to ensure that the water can be used for drinking inside 
the house in the kitchens.  
 
Most rainwater systems have distinct components that are placed at different stages to capture, 
treat and use the rainwater harvested. These components include the catchment area which in 
the case of our site is the individual rooftops of the dwellings which according to the Local 
Structure Plan is from 306 to 470. The second component that is essential in the collection of 
rainwater is the coarse mesh that prevents the debris to flow through the pipes which can cause 
blockages. The next component are the gutters to catch the rainfall from the roof and transport 
it safely to the pipe works for it to enter the tanks. The most important component that is 
associated with the quality of the rainwater will be the first flush system that ensures that the 
fist spell of the rain is sent to the gutter due to the high amount of pollutants it carries from the 
catchment area and the atmosphere. The filters are the next components through which the 
rainwater passes through. The most common filters that are used in homes are the charcoal 
filters and sand filters. This ensures that there are no suspended solids present in the water 
before it enters the storage tank. The next component is the storage tank that is used to collect 
the water before it is used in the house. There are many types of tanks that can be used for this 
purpose such as reinforced steel, polyethylene, concrete and below ground storage tanks. The 
final component of a basic rainwater system is the discharge and recharge structures where the 
water can infiltrate back into the ground through recharge pits and drain cells when there is an 
overflow in the tanks. (Team Poly 2018), (CSE) 
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The best suitable option for a rainwater tank would be to collect the all the water and use it    
for most suitable purposes indoors. Since the plot of land that is available is only around 5 
hectares for the construction of the dwellings there will be no land availability for a proper 
outdoor or above ground storage tanks for the individual houses. The amount of water that will 
be collected and used will be needed to be stored optimally so that there is no overflow of the 
tank during winter and dryness during the summer.  
 
From the water balance model that is derived there will be 33000 kL of rainwater collected 
over the 5 hectares of rooftops on site. This is an average of 107 kL of water that is collected 
per year through rainwater harvesting. The rainwater calculation was done using simple 
mathematical formula: 
𝑉𝑜𝑙𝑢𝑚𝑒	𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 = (𝑅 − 𝐴𝑑) 	× 	𝐸	 × 	𝐴 
Where R is the Rainfall (mm/month), Ad is the adsorption (mm/month), E is the efficiency (%) 
and A is the area (m2). The data that is used for the calculations and the assumptions that was 
made are all listed in the table below. 
 
Type Value Reference 
Rainfall 732.8 mm BoM 
Adsorption 0.002 mm/event BoM 
Efficiency 90% - 
Catchment Area 5.1 hectares Local Structure Plan 








306 Local Structure Plan 
Maximum Dwelling 
Yield 
470 Local Structure Plan 
Table 6: Rainwater Calculation Assumptions 
According to the calculations from the water balance model, the amount of water that can be 
captured and used is 33000 kL, while the demand of the whole site if its 306 dwellings is 98 
kL and 150 kL for 470 dwellings. The amount of scheme water that will need to be supplied if 
the rainwater is used completely is 65 kL and 117 kL respectively for the whole development. 
The detailed calculations of all the values that are achieved from the water balance model are 
found in the Appendix labelled Table 17 - 19. 
 
Due to the limited space available on site the option that is most suitable for the rainwater tank 
will be the below ground tanks that can be buried in the backyard or in the driveway to ensure 
easy access. The rainwater tanks that are most suitable are found in the table below with their 
respective costings. The appropriate rainwater tank that can be used onsite, will be the 5000 L 
underground tank that will have adequate space for the incoming rain throughout the year. The 
rainwater tanks can be fitted with additional UV filtration and filters inside the house so it can 
be used as a drinking source during the winter months, when there is an increase in the harvest. 
The community scale option which would include a main harvesting tank that collects the 
rainwater from the entire catchment area and then distributed to the individual houses for the 





Source Size Cost $ 
Perth Greywater 
and Rainwater 




5000 L 3995 (tank only) 
West Coast Poly 3000 L 1438 (tank only) 
West Coast Poly 27500 L 3399 (tank only) 
Table 7: Rainwater Tanks and Sources 
Groundwater 
The site has been classified as Contaminated – Restricted Use or Contaminated – Remediation 
Required by the Department of Water and Environment Regulations Site Classification. Due 
to these classifications, the groundwater on site has been restricted for extraction in the case of 
using it for recreational purposes or for the watering of the public open spaces. The only reason 
that the groundwater can be extracted on part of the site would be for remediation purposes so 
that the water can be treated and returned back into the ground. The treatment options for the 
contaminations were explored in the previous section and was decided that the treatment of the 
contamination using the filtration method would be most beneficial in the cleaning of the 
contaminants in the water. Furthermore, the council would not approve for all the dwellings to 
have their own allocated bore as that would stress the amount of groundwater available for the 
surrounding businesses and households. This stress could cause salinity of the groundwater 
and decrease the levels of water present in the water table. Since the location is close to a 




Stormwater is the water that is caught on site through the runoff from roofs, driveways and 
roads. The water usually flows downstream, and it carries pollutants such as metals and 
hydrocarbons that are found on the roads along with organic matter and fertilizers from lawns 
and garden beds (Woodcock 2013). In Australia the stormwater is separated from the sewer 
system and the water that is collected goes to a stormwater collection pipes and is then pumped 
to the nearest water body such as lakes, rivers, wetlands and oceans (Woodcock 2013). Without 
proper treatment the water could cause major problems such as water pollution and 
contamination to the water bodies and erosion. According to the Water Sensitive Urban Design 
(WSUD) the water needs to be captures on site and treated, infiltrated and contained rather than 
entering the major water bodies and contaminate the waters. The water needs to be retained 
onsite through rain garden beds, roadside swales, biofilters and soak wells that collects the 
water treats it and slowly infiltrates the water into the ground. The design of this infiltration 
systems must be capable of collecting, treating and managing the Average Recurrence Interval 
(ARI) such as the 1 year, 5 year and 100-year events.  
 
According to the water balance model, the stormwater that can be potentially collected on site 
is 28 kL from the driveways and roads totalling to a catchment area of 3.7 hectares. The rainfall 
data is the same data that is used from the harvesting and the area does not include the rooftops 
that is used for the rainwater harvesting.  
 
The options that can be used to treat the stormwater are listed below in Table 8, which includes 




Type of Option Approach 
Stormwater Drainpipe Common 
Swales WSUD 
Biofilters WSUD 
Constructed Wetland Common / WSUD 
Table 8: Stormwater Management Options 
The common approach would be to drain all the water into a pipe and transfer it to a water 
body but smart WSUD considerations must be put in place so that the water is used and treated 
properly. Some of the considerations should be land availability, soil type and the backup plan 
if any of the options do   fail to comply with the natural occurrences. The options that are not 
appropriate for this site would be a constructed wetland as the lowest point and downstream 
flow point is in the East part of the site that contains capped land that prevents infiltration of 
the ground water. The options that needs to be considered is the additions of bio strips and 
swales along the downstream path so that most of the water is treated and doesn’t require to be 
infiltrated on the east part of the site. The rest of the site needs to be fitted with soak wells and 
biofilters along the roadside verge and under the roads so that the water can easily infiltrate 
into the ground. The water from the east corner of the site from the downstream flow can be 
redirected into the larger drain cells that are under the roads on other parts of the site through 
a small pump station and additional pipes. There needs to be an overflow pipe in those drain 
cells as a backup that connects to the stormwater drainage system that is used by the City of 
Fremantle so that when an ARI event occurs there is no flooding on site. The design 
recommendation of the biofilters as seen in the figure below, needs to be placed on the roadside 
verge needs to be of this design as this setup promotes adequate water treatment of the runoff 
and infiltrates appropriate quality of water into the ground. The plants that are for this setup 
should be native plants that are ephemeral, and they should be placed at an average of 8 - 12 
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plants per m2 depending on the species and their full growth size (DoW 2011). These plants 
will require less maintenance and are self-sustaining such as the Ficinia nodosa commonly 
known as a knotted club rush that is native to Australia and effective in nutrient removal. 
 
Figure 18: Recommended Biofilter Sizing (DoW 2011) 
The drain cells and soak wells that are available in Perth are either concrete that is placed 
underneath your driveways and roads or polypropylene that are stacked and placed in a similar 
manner. Soak wells that are available and commonly used in Perth are the following that can 




Figure 19: Polypropylene Soak Well (Perth Soakwells 2019) 
 
Figure 20: Concrete Soak Well (Perth Soakwells 2019) 
The rate of a concrete soak well ranges from $70 to $510 wit variable height and width while 
the polypropylene ranges from $44 to $55 both with additional costs for delivery and 
installation (Perth Soakwells 2019). The most reliable and efficient option would be to choose 
a concrete soak well as it is more reliable in terms of storage while the polypropylene requires 
additional materials to ensure that the water stays within the confines. 
 
Greywater 
Greywater is a source of water that is commonly discarded in Australia along with the 
wastewater through the sewer system in the suburban and built up areas. The greywater is a 
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water source that comes from the laundry, showers and basins in a household that accounts for 
57% of the household consumption (NSW). This water is high in nutrients that is commonly 
used to irrigate the lawns as the plant uptake the nutrients that is in the water. The water can 
also be treated to a certain quality that allows it to be reused inside the house for laundry and 
toilet flushing that allows minimal direct contact with the humans.  
 
There are two types of systems that can be used to recycle the greywater inside a home, one is 
a Greywater Diversion Device (GDD) while the other is a Greywater Treatment System (GTS). 
GDD is primarily a diversion device that filters out linens and hair from the water and redirects 
to the lawns through a subsurface drip line commonly lilac in colour. It can only be used on 
lawns that contains mulch and can’t be used in the sprinkler system as that poses as a health 
risk. GTS is a treatment system that contains membrane technology that filters out all the 
particles that can be found in the greywater. Its components include a membrane filtration after 




Figure 21: Flow Diagram of a GTS (Wise Water Solutions 2019) 
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Source Cost $ Additional Costs $ Total Costs $ 
Grey Flow Pro 1800 - 3135 Plumbing and Tanks 11000 
G-Flow Plug and 
Play (Above 
Ground) 
994 Plumbing and Tanks 6000 
Greywater Reuse 
Systems 
5500 Plumbing and Tanks 12000 




20000 Included in costs 20000 
Table 9: Greywater System Options in Perth 
There are community scale greywater treatment systems that uses the treated water for toilet 
flushing. Though these treatment systems only service a population of 20 people, the system 
can be scaled up to suite a block scale population of up to 100. This method is primarily used 
in apartment building complexes where the treatment system is located in the basement for 
optimal water reuse. There are no systems that are widely used in Australia but there are 
companies in Europe that produce these systems which can be purchased and installed in our 
site. (Reglesberger et al. 2009) According to the water balance model, the greywater that will 
be produced and can be reused by the household on the site is 56 kL or 86 kL depending on 
the number of dwellings that is built on the land. The assumptions that was made is that 57% 
of the water that is consumed on site is greywater according to the NSW government (NSW 
2008). Due to the limited space that is available an above ground system would not be preferred 
as it will occupy most of the space preventing the expansion of the dwelling or limited access 
to areas. GDD will also not be a suitable option as there will not be adequate lawn areas to 
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discharge or irrigate the plants. The water would eventually end up flooding a certain area due 
to the constant irrigation or move into the sewer as the water is not being used. A GTS system 
is the most suitable option for the dwellings as it provides proper treatment of the water for 
indoor use such as laundry and toilet flushing, irrigation of the lawns and for the use in outdoor 
taps for washings cars or driveways. An example of the GTS that is suitable for this site is 
shown in the figure above. The Local Structure Plan makes note that its desired residential 
dwellings would be 470 which would mean addition of apartment complexes with multiple 
residents living in the building. For those buildings a household scale system would not be a 
preferred method as it would require multiple systems installed for that to work. A community 
scale option would be the most appropriate option in terms of the apartment style buildings as 
the treatment system can be located in the basement away from the public access. It would also 
be more cost effective to use a community scale were appropriate as it would reduce the cost 
of purchasing multiple units. 
 
Blackwater 
Blackwater or wastewater is essentially the water that is coming from the kitchen and toilets 
that contains high amounts oils, grease and human waste with high biological contents that 
amounts to 20% of the household water consumption (NSW 2008). The common practise for 
the wastewater will be to be discharged into the sewer then it is treated by a wastewater 
treatment plant and then replenished into an aquifer or used as irrigating water for public open 
spaces (Water Corporation 2019). The steps to treat wastewater involves both chemical and 
biological treatment and additional purification treatment to ensure it is safe for consumption 
and end use. The treatment of wastewater includes collection of the water, preliminary 
screenings, pre-treatment, primary treatment, secondary treatment, tertiary treatment and 
dosing where each stage contains a different process in order to achieve the proper water quality 
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for the appropriate end use (Water Corporation 2019). The preliminary treatment includes 
screening and grit filter that takes out large solids and particles from the water stream. The 
primary treatment involves sedimentation followed by secondary treatment containing aeration 
and secondary sedimentation settling tank. The water quality that exits through the system is 
either dosed and sent to recharge and replenishing point or directly sent to discharge into the 
ocean. The biosolids in the form of sludge is then taken and treated offsite and often used as 
fertilizers for plants in farms. The process flow of a wastewater treatment plant in WA is shown 
in the figure below. (Water Corporation 2019) 
 
 
Figure 22: Wastewater Treatment Flow Diagram (Water Corporation 2019) 
From the water balance model, the blackwater that is produced onsite would be 195 kL/year 
per dwelling that makes it a total of 60000 kL/year and 91000 kL/year for minimum and 
maximum number of dwellings respectively. Detailed calculations can be found in the 
appendix below. There are restrictions that are placed on the reuse of blackwater and its storage 
in a residential area. The time constriction of 24 hours after treatment it must be disposed, 
which makes it harder to reuse it in a house as there might not be enough demand for the water 
to be used (Fane et al. 2013). There are commercial systems in place to serve a community 
scale wastewater recycling system where the water is collected and treated with fit for purpose. 
There is a Systemin in WA, where anaerobic treatment plant is used to treat the water and the 
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treated water is used for POS irrigation and sometimes even for the use of toilet flushing. Sewer 
mining is also an option that can be considered for the treatment of the wastewater produced 
from homes. Sewer mining is effectively taking the wastewater from the sewer systems and 
treat it for POS irrigation uses. This method reduces the load that is sent to the treatment plants 
as well as recovering the nutrients from the waste stream for the use in the nature (Water 
Corporation 2019). The treatment method is usually aa membrane bioreactor that effectively 
removes the biological content that is usually found in wastewater. The flow diagram of the 
operations that usually occurs in a membrane bioreactor system is found in the image below. 
 
 
Figure 23: Process Flow Diagram of a Membrane Bioreactor (Stauffer et al. 2019) 
Another process method would be the Multi Water Reuse System, where the wastewater is 
treated without the use of a biological treatment. The system compromises of a dual membrane 
system where the water flows through after primary screening has been completed. The system 
then passes through a RO system where further solids are removed and later stored in a holding 
tank with chlorine dosing to ensure public health and safety compliances are achieved. The 





Figure 24: MWR Process Flow Diagram (Water Technologies Australia 2006) 
These systems can all be placed on site for the treatment of wastewater for the use non 
consuming purposes mainly for POS irrigation or for toilet flushing. The detailed cost of these 
systems can be found in the table below. 
 
Options Cost ($) Additional Notes 
Sewer Mining (MWR) 350000 for 100,000 L/day 
Site production is 
approximately 250,000 
L/day therefore approximate 
cost is $500,000 
Ongoing cost of $0.6/kL 
BioCycle $1500 per person 
Projected population on site 
is 1200 
Cost for system is $1.8 
million 
- 




Scheme water is the primary water source for Perth, with water collected and treated from the 
ground through bores and the ocean through desalination plants. The water is then distributed 
through the pipe work through our provider Water Corporation to the individual houses. Since 
the water is treated and dosed with chemicals to ensure that the end users receive good quality 
water, the water prices are varied for different areas. The flow diagram of the water usage and 
consumption of an average household in Perth is found in the figure below, where it highlights 
all of the sources and sinks that are present in the house.  
 
 
Figure 25: Average Household Water Consumption, Sources and Sinks 
Water Corporation bills includes three charges which are the water service charge, water usage 
charge and the drainage charge. Your water meter reading is taken every two months and the 
usage is calculated using the meter values at different tariffs. Your first 150kL of water used is 
charged at $1.827/kL, your water use from 150 – 500 kL is charged $2.434/kL and over 500kL 
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is charged $4.553/kL (Water Corporation 2019). According to this tariff, an average household 
would be charged $687.83 for 320 kL of water that they consume. This price would be lower 
if the dwelling uses rainwater and recycled greywater in the house. The amount of water is 
harvested, reused and required is found in the table and figure below for both the minimum 
and maximum dwellings built onsite.  
 








107 70 33000 
Greywater Reuse 
(kL/year) 
182 182 86000 
Blackwater Reuse 
(kL/year) 
6 6 2700 
Scheme Water 
Required (kL/year) 
25 62 29000 
Table 11: Water harvested, reused and required on site 
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Figure 26: Proposed System Water Consumption, Sources and Sinks 
According to the table above, the minimum dwellings built would only require a smaller 
amount of scheme water to be supplied as they would collect more rainwater through   a larger 
roof space catchment area, while the maximum dwelling would have a smaller roof space for 
rainwater harvesting. The amount of greywater produced per household would be the same as 
the consumption and discharge doesn’t change while only the size of the property changes. 
Using this data, the minimum dwelling residents would only pay $56.64 for their scheme water 
usage per year, while the maximum dwelling residents would pay $124.24 per year. That is a 
reduction in the water usage bills by 91% and 81% respectively for the minimum and maximum 
dwellings. This number could go down further if the dwellings have water efficient fixtures 
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installed such as taps, showers, toilets and washing machines which reduce the water each 
product consumes. The table below shows the potential savings in water consumption if each 









15 L/min 4-star rating 6 
L/min 
68 kL/year assuming 




12 L/flush 4-star 3.5 L/flush 15 kL/year assuming 
2 flushes per day per 
person 
Laundry 80 L/load 6-star rating 30 
L/load 
50 L/load 
Table 12: Savings with upgrading efficient fixtures (Department of Environment and Energy 2019) 
Behavioural changes can also affect the consumption of water in a household in terms of the 
time taken for an activity or the usage of an application. The main activity that can reduce the 
consumption of water is the time taken in the shower from 10 minutes a shower to less than 8 
minutes, which can save you 12 L/person/shower when using an efficient shower head. If you 
adhere to a recommended 4 minute a shower according to waterwise then you can save 36 
L/person/shower, which in an average household can save you up to 34 kL/year. Other 
behavioural changes include using the washing machine only when there is a full load so that 
the wash cycle is beneficial, only irrigating the lawn on the watering days for the recommended 
time and turn off taps and basins when not in use (i.e. while brushing and washing). 
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A handbook should be   prepared by the property developer to include all the appliances that 
are installed in the house and how they operate. This would help the residents know more about 
the product and how to use it appropriately so that the system implemented could be beneficial.  
 
Risk Analysis and Multi Criteria Assessment 
Risk analysis and Multi Criteria Assessment are tools that are developed to see whether an 
implemented option would be viable for the site and to see if it brings any benefit or 
disadvantages to the community. The main sustainability tool that was used to assess the 
options for the water balance model was the SWARD tool where the economic, social and 
environment played a key role in the options developed. 
 
First a simple table of options was developed with ideas that can be implemented and resources 
that can be used onsite. Then the options that are easier to implement where looked into details 
through the multi criteria assessment based on the SWARD guideline to determine if the 
options where viable. The tables below show the process that was used to determine the most 


















































































More Effort to 
Implement 
Table 13: Difficulty of Implementation 
Options Environment Economical Technical Community 





















Yes Minimal Minimal None Significant Yes Somewhat Yes 
Stormwater 
Management 









Yes Minimal Minimal None High Yes N/A N/A 
Table 14: SWARD Assessment 
From the tables above, the use of water sources such as rainwater, greywater doesn’t impact 
the environment and community as much as the other sources such as wastewater. The 
implementation of wastewater is significantly high compared to others as it would require 
additional structures to reuse the water back inside the house. There is also some noise and 
pollution associated with this process as it requires chemical and biological treatment processes 
using machinery. The best options that can be implemented on site at Knutsford would be the 
rainwater tanks and greywater treatment system to use inside the houses as well as the 
stormwater management system with the biofilters and soak wells outside the property to 
manage the runoff and infiltration into the ground. The total costs associated with these 
installations for the entire site on a household scale can be found in the table below. 
 
















$10000 $3.06 million $4.7 million 
 64 




From $1000 - 
$5000 
From $306000 - 
$1.5 million 







Average $100  $30600 $47000 
Water Efficient 
Fixture - Toilet 
Bunnings 
Warehouse 
Average $300 $91800 $141000 
Total Costs ($)  From 21000 – 
25400 
From 6.7 – 7.92 
million 
From 10.00 – 
11.95 million 
Table 15: Final Costs for Water Management Fixtures Household Scale 
From the table above, the average cost of units and installation for a single dwelling is between 
the range of $21000 to $25400 which includes the purchase of the units and installations with 
their respective components. The value for the water efficient fixtures were all taken from 
Bunnings Warehouse as it is a quick source to buy products in bulk. Using these values, the 
cost for 306 dwellings onsite would be $6.7 - $7.92 million dollars while 470 dwellings would 
cost you $10 - $11.95 million dollars. 
 
On a community scale basis, the treatment systems would be the best value to reuse the 
greywater and wastewater in the house for toilets and gardens as well as POS irrigation. The 
total irrigated area on site is 1.04 hectares and while assuming only irrigating the area for half 
the year, then the required water for irrigation of POS would be 3900 kL/year (Barnett, 2015). 




























From $500000 1 From $500000 
 Total Costs ($) From $630000 
Table 16: Final Costs for Precinct and Community Scale Options 
The table above shows the precinct and community scale options that can be used on site at 
Knutsford. The precinct scale options that is derived for the rainwater and greywater options 
are if the dwellings are built in an apartment scale option. The rainwater tanks and greywater 
system would be beneficial only when the building is an apartment as it would make the cost 
of installations and plumbing cheaper compared to single residential dwelling. There would 
also be no land area available if we were to store these tanks above ground that supplies for all 
the dwellings. However, the wastewater system should be built in a community scale structure 
as the wastewater from all the household could be easily collected through a sewer system and 
can then be distributed to all the houses according to the plumbing present on site, usually a 
3rd pipe system for safe reuse. The total costs associated with the installation of these options 
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would cost from $650000 depending on the scale of the systems and additional works required 




After considering all options and assessing them through various assessment tools, the options 
that would be best suited for the site at Knutsford is listed below. 
• Thermal desorption to remove the contaminants present in the soil 
• Coagulation, flocculation and filtration to remove the contaminants in the groundwater, 
fit for recharge 
• Rainwater tanks for lot scale and precinct scale for indoor uses such as drinking and 
showering 
• Greywater Treatment System for lot scale and precinct scale for reuse in toilet flushing 
and irrigation 
• Community scale sewer mining system for POS irrigation 
• Community scale stormwater management through lot scale infrastructure using 
biofilters and soak wells. 
 
Figure 27 below shows the location of the onsite treatment systems once the site has been 




Figure 27: Sample Location of the Treatment Units 
Location of Treatment Units Once the Site has been Developed 
 
The location of these treatment systems has been placed in their appropriate places to allow for 
minimal use of energy and use gravity pumping when necessary as in the case of the reuse of 
the wastewater treatment system. Figure 28 shows the precinct scale building with its rainwater 
harvesting system and greywater reuse system. The rainwater tanks have been placed on the 
side of the building to avoid the blockage of the roads and other features around the site. The 
greywater system should be placed in the basement to allow for minimal public access as well 





Figure 28: Precinct Scale Water Reuse Structure Plan 
The combination of using all the water resources onsite will allow the residents to reduce the 





The main aim of this thesis was to develop a remediation plan and to make a water balance 
model that shows all the water sources onsite and ensures all the water is properly managed 
and used. The water balance model also allows us to predict the demand of scheme water that 
is required by a dwelling once the site at Knutsford has been built. 
 
The treatment option that was chosen to be implemented for the soil on site was the Thermal 
desorption technique as it has the most effective contaminant removal and less impact to the 
environment. The groundwater contamination requires a different technique of treatment which 
is provided by Oleology that includes coagulation, flocculation and filtration to ensure the 
effluent water does not contain any contamination. 
 
The water balance model that was developed addresses all the different sources of water that 
is present on-site and utilises the resources to its full potential. When using reused water onsite, 
there is a reduction in the scheme water required between 81% -91%. 
 
Once the land has been remediated, and the dwellings are built, the site at Knutsford could 
demonstrate sustainable living by managing all the water sources on-site and reducing the 
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Water Balance Model 
  
Min Yield Max Yield 
Total Area (ha) 8.9177 8.9177 
Total Developed Area (ha) 5.6921 5.6921 
Total Dwellings 306 470 
Average Water Consumption (l/person/year) 123000 123000 
Pupil per Household 2.6 2.6 
Average Water Consumption 
(kL/household/year) 
319.8 319.8 
Total Residents 795.6 1222 
Total Water Demand (kL/month) 8154.9 12525.5 
Total Water Demand (kL/year) 97858.8 150306 




Adsorption (m/event) 0.2 
Efficiency (%) 90 
Area of Rainfall (m^2) 56921 
Rooftop Area (m^2) 51228.9 
Table 18: Rainwater Values 
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Greywater Min Yield Max Yield 
Water Consumed (kL/month) 8154.9 12525.5 
Greywater Produced (% according to NSW) 57 57 
Greywater Produced (kL/month) 4648.293 7139.535 
Table 20: Greywater Assumptions 
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Blackwater Min Yield Max Yield 
Water Consumed (kL/month) 8154.9 12525.5 
Blackwater Produced (% according to NSW) 20 20 
Blackwater Produced (kL/month) 163.098 250.51 
Blackwater Produced (kL/year) 59530.77 91436.15 
Blackwater Produced Single Dwelling (kL/year) 194.545 194.545 
Table 22: Blackwater Assumptions 
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Total POS Area (hectares) 1.04 
Reccomended DoW Irrigation 
(mm/hectare/year) 
7500 
Required DoW Irrigation (mm/hectare/year) 3750 
Irrigation Period (months) 6 
Water Required (kL/year) 3900 
Table 26: Irrigation Requirements 
 
 
